An investigation was conducted to explore the applicability of Eddy Current (EC) and magnetic techniques to characterize the formation and grains size variation during Mechanical Alloying (MA) and the formation of a new mixture due to the variation of crystallography parameters. The change in apparent density was attributable to the irregular particles of the metal powders. A series of Nanocrystalline (Fe 65 Co 35 ) x Al 1-x samples have been prepared using M.A based on planetary ball mill under several milling conditions. M.A is a non-equilibrium process for materials synthesis. The structural effects of MA of powders were investigated by X-Ray diffraction analysis, SEM, microwaves, hysteresis magnetic and Eddy Current technique. Consequently, a nanostructure alloy was obtained with an average grain size of 8 nm. Experimental results show that fine nanocrystalline alloy powders prepared by mechanical milling are very promising for microwave applications and it is suggested that Eddy current measurement technique is a useful tool for the characterization of nanocrystalline materials.
Introduction
In recent years, Mechanical Alloying (M.A) of metallic powders has become popular for the synthesis of nanostructured alloys through solid-state reactions. This technique modifies the structure and solid solubility limits of alloys, solid solutions, induces lattice strains and phase transformations [1] for producing alloys with different mechanical and magnetic properties. The mechanism of phase formation has been explained by an interdiffusion reaction of the components occurring during the milling process. The formation of metastable phases and the disorder of the lattice through alloying give rise to interesting mechanical and magnetic properties [2] . The importance of Fe-Co alloys applications are due to the high magnetic saturation and large uniaxial anisotropy saturation, particularly, in the aerospace industries where volume and mass need to be minimized [3] . There have been several studies on the magnetic properties and behavior of mechanically alloying Fe-Co alloys [4] . There were some methods to improve the Fe-Co material properties, such as composites, heat treatment and especially the control of the grain size at nanometer and the addition of other elements. By using MA, it is possible to make nanogranular ferromagnetic Fe-Al alloys with Fe concentration as low as 1 at.% [5] . Other Al-rich Fe-Al compositions have also been reported to be ferromagnetic [6] . The ferromagnetic behavior observed in Al-rich compositions is due to the presence of Fe clusters on grain boundaries or due to the formation of Fe-rich magnetic phases even if the starting composition is Al-rich. In the present study, we formed (Fe 65 Co 35 )Al based alloys by M.A and investigated their magnetic properties; especially the Eddy current dependence at low frequency and the electromagnetic coefficient's reflection at high frequency. A systematic study of such nanogranular systems with varying Al content would hopefully further the understanding of the phases' composition and their effect on magnetic properties.
Characterization and nondestructive evaluation of magnetic materials are in high demand in the industry because of their low cost and simplicity that provide the determination of intrinsic properties of materials. E.C evaluation allows us to know the time of solid solution formation of alloys by measurement of the impedance [7] .
The modification structure of the material leads to changes in electrical conductivity and magnetic permeability of the material; this variation can be related to E.C impedance [8] .
Moreover, the metallurgical properties of alloys can be correlated with results obtained by the E.C at base and high frequency [9] .
Experimental details
Highly pure initial Fe,Co,Al powders have been used as starting materials and mixed at the desired compositions (65%Fe, 35%Co)1-x and x% Al x= 0.10, 0.30, 0.40, 0.50, 0.60, 0.80) in a planetary ball mill (Retsch PM 400). Initial powders were introduced into a cylindrical tempered steel vial of a 25 ml capacity. The materials were sealed under high purity argon atmosphere with ball to mass ratio 32: 1. The milling was performed up to 36 hours with a planetary rotation speed at about 380 rpm. The milling time was chosen to avoid excessive contamination from the friction and the impacts between the balls and the walls of the vials, but this milling time is long enough to obtain nanocrystalline alloys. 2 g of nanocrystalline powders of Fe-Co-Al were compacted at ambient temperature at a 2 GPa pressure during 2 hours in a cold uniaxial press (13 mm inner diameter, 25 mm outer diameter and 2.5-3 mm height).
The powder mixtures were characterised by a Siemens D500 diffractometer using Cu Kα radiation in the 2θ range from 0° to 110°. Scanning Electron Microscopy (SEM) XL 30S FEG was used for morphology and microstructure observations. Magnetic measurements were carried out with a Teslameter and an electronic oscilloscope TDS 3054. The Eddy current impedance was carried out with Hp 4192ALF impedance analyzers were used in the test which can supply a sinusoidal signal variable frequency output to the coil in a frequency-scanning manner.
Results and discussion
The XRD patterns for the (Fe 65 Co 35 ) 90 Al 10 powder mixture after various milling times are shown in figure 1a . The peaks, related to pure Co and Al powder, disappear gradually and vanish completely for milling time longer than 4 hours. This shows the diffusion of Cobalt and aluminum into the bcc structures and the formation of the disordered Fe-Co-Al solid solution with a bcc structure. Figure1b, corresponding to XRD patterns for the (Fe 65 Co 35 ) 70 Al 30 shows that increasing the milling time led to the dissolution of the various elements of the initial mixture and the formation of a solid solution characterized by the complete disappearance of the diffraction peaks of Al, Co and Fe, leaving a new phase after 4 hours of milling.
The fundamental peaks in the X-ray spectra of a new phase are broadened due to reduction in crystallite size and increase in internal strain. Taking into account the effect of strain on the broadening of peaks, the average grain size obtained using the Williamson-Hall method is about 8nm. The emergence of a new phase prompted us to study the influence of aluminum content on the formation of solid phases. We preferred to describe the phases formed after 36h of milling, assuming that the conditions for development remain the same. X-ray patterns of (Fe 65 Co 35 ) 1-x Al x powders subjected to high-energy mechanical alloying for a fixed time of 36 hours are shown in Figure1c. Monitoring the structural change of the powders according to the percentage of aluminum shows that different phases of solid solutions are formed after 36 h milling so that:
-At 10% phase Fe(CoAl) is formed -Between 30% and 40% phases Al(FeCo) appear -From 50% to 70% the three phases Al5Co2, AlFe and Al5Fe2 are formed. In mechanical alloying process there are three stages which are the early stage, the intermediate stage and the completion stage [7] . At the initial stage, from 0 to 4 hours of milling, the powder particles are flattened by compressive forces. Simultaneously, a very large distribution in particle size is observed in figure2a. For intermediate stage important changes occur especially in particle morphology in comparison to those in the initial stage. One can observe the formation of layered structures in figure2b. The fracture and cold welding operating in cycle process become now prevailing.
After 36 hours of milling, considerable refinement and reduction in particle size are evidenced at this stage of milling (final stage). .
Magnetic and Electrical resistivity study
Changes in the magnetic properties of nanostructured ferromagnetic can be related to their small volume and the large fraction of atoms associated with the grain boundaries. By controlling the microstructure, morphology, chemical composition and particle size, the magnetic properties of the material can be improved [7, 10] .
The estimate of the crystallite size was obtained from the refinement of X-ray patterns with Williamson-hall method [11] represented in figure3. During the early stage of milling the crystallite size decreases rapidly and slows down afterwards and becomes gradually smaller to 8nm.
The evolution of the coercivity Hc and remanence induction Br of 30%Al according to milling time was presented in figure4. The curves obtained show a regular and a similar diminution of the two parameters when the milling time is increased. These shapes are usually observed in nanostructured ferromagnetic with small magnetic domains. After some crystallite size fig3 Hc becomes unchanged. However, a slight increase of Br is due to the augmentation of particle size. The variation of Hc during the milling process can be related to the grain size refinement and the introduction of several structure defects. Hence, the increase of Hc can be due to the increase of microstrain as well as the fact that the grain size exceeds the domain wall thickness and as a result, the grain boundaries act as impediments to domain wall. 
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Behaviour of Materials
Resistivity Measurement
The observations in a SEM were made on samples of milled powder at a time lower than 24 hours showed the presence of agglomerates of small particles and also the presence of a particle flattened and angular with important size, which explains the decrease in resistivity.
The extension of milling time beyond 24 hours results in a considerable refinement of particle size, more uniform powder and generated structural defects which have a proportional effect on the electrical resistivity.
The resistivity depends not only on the composition of the powder but also on its morphology. The effect of aluminum content of the electrical resistivity of the samples is shown in figure5. A rapid decrease in the resistivity value is observed between 40% and 50% Al. This area is a transition zone between the ferromagnetic ternary alloys and paramagnetic binary ones. The minimum value observed in figure5 corresponds to pure aluminum resistivity.
Eddy Currents Results
We plotted the impedance curves of the samples ranging 50Hz to 500 KHz of nanostructured materials prepared by M.A in order to characterize them. This impedance values are evaluated when a sample was present below the coil. The normalised impedance was done according to values when the coil was empty and we took in consideration the excitation parameters especially, the excitation frequency of the coil, the intensity of magnetization due to the electrical current sent through the coil in order to work in the Weiss zone. The electromagnetic properties of materials depend on their composition, structures and development process, so it is quite natural to use these properties to assess their structures. The type of material, the phases present and the grain size are parameters that give the rest shape of the magnetic microstructure. During the magnetization process, micro-heterogeneity of the material affects the movements of the electromagnetic wave, thus influences the microstructure of the magnetic response significantly.
One proceeds in two ways, firstly we study the influence of milling time on Eddy Current (EC) (figure 6) and second, the influences of the variation in the percentage of Al on the responses of EC figure 7. It can be seen through the results that the impedance diagrams are different. Indeed, the curve in figure 6 gives two types of diagrams, one is before 4 hours of milling time and the other is starting from 4 hours this time corresponds to the formation of the solid solution.
At low frequencies, the inductive part (L/L0) decreases tending to 1 when the milling time increases resulting a soft magnetic material. We recall also ( figure 6 ) that the variations range L/L0 narrows the side of these same frequencies where the permeability decreases. The diminutions of ratio grains size to boundaries increase the real part of normalized impedances than joule effect.
The study of the impedance variation according to the content of Al carried out shows that changes on the new microstructures obtained can be found. EC evaluation has shown that impedance diagram has a high sensitivity to the change of Al% due to variation of electric conductivity phenomenon (significant of real part variation).
It can be seen from this figure6, that their imaginary parts have the same value as nonferromagnetic alloy. The results obtained by EC method show that each sample has a different electromagnetic propriety.
The development of radar technology, microwave communication and the need for antielectromagnetic interference coatings, there has been considerable interest in the application of magnetic materials related to radar design absorber [12] . Magnetic powder materials with low values of the coefficient of reflection have been promising in the application of microwave absorption. 
Behaviour of Materials
The effective microwave of the composite depends on both intrinsic characteristics of the particles and their microstructural such as electrical and magnetic parameters, particle size, saturation magnetization and magnetic anisotropy field. The coefficient of reflection has been studied within a frequency of 9 GHz.
Figure8 shows the evolution of the reflection coefficient according to milling time. It is found that the reflection coefficient decreases with an increasing milling time. The 30%Al samples have a greater reflection coefficient than the 10% Al samples. The change in the gap between the reflection coefficients of these two alloys, equal to milling time, is due to the fact that this variation does not only depend on the size of the crystallites but also on the nature of the alloy solid formed, the microstructure and the magnetic behavior.
The reflection coefficient for these two samples is always greater than the reflection coefficient of the alloy Fe 1-x Co x regardless of milling time and the concentration of Co [10] . Wave propagation depends on the penetration depth, which itself is linked to the electric and magnetic properties.
Conclusion
In conclusion, a systematic study of the structural and magnetic properties of (Fe 65 Co 35 ) 1-x Al x samples show that in the Fe-rich samples (10%Al) formation of FeCo(Al), while in the (30≤x≤.40) give a new phase Al(FeCo) which represent a lower soft magnetic materials than FeCo(Al). The critical of Al for the formation of nanostructured ternaries phase is estimated at 40% of Al. The decrease of coercivity field Hc and the residual induction Br can be attributed to decrease of crystallite size and to solid solution formation too. Our microwave measurements have shown that small particle size leads to a low reflection coefficients. These results clearly indicate that Al addition affects the structures and properties of the Fe-Co system. The modification structure of the material leads to changes in electrical conductivity and magnetic permeability of the material. The Eddy current method can be used to evaluate the electric and magnetic parameters of FeCoAl nanostructure alloy. This paper has presented the capability to apply the eddy current nondestructive testing to characterize nanostructure FeCoAl alloy. Key Engineering Materials Vol. 550
